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video by a display device, comprising: detecting motion
content of the video and generating a control signal for
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detection result. The video is displayed with a lower color
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the display device if the motion detection result indicates
that the video contains appreciable amount of motion con-
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1
DYNAMIC FRAME RATE CONVERSION IN
ACTIVE MATRIX DISPLAY

CROSS-REFERENCE TO RELATED
APPLICATIONS

The present application claims priority from the Chinese
Invention Patent Application No. 202111173310.X filed on
Sep. 30, 2021, and the disclosure of which is incorporated
herein by reference in its entirety.

FIELD OF THE INVENTION

The present invention is generally related to active matrix
display devices. More particularly, the present invention is
related to frame rate-convertible active matrix display
devices based on digital driving signals.

BACKGROUND OF THE INVENTION

There are always desires for display devices capable of
displaying smooth and true color videos for various types of
video contents and image sources. In general, an active
matrix display includes pixels and each pixel includes a
driver circuit comprising switching elements such as tran-
sistors and storage elements such as capacitor for actively
addressing the pixel and maintaining the pixel state. Typi-
cally, the pixels are selected row by row by a gate driver
through a plurality of scan lines and then each pixel at the
selected row is controlled by a source driver through a
corresponding data line to emit light for displaying an
image.

Active matrix display devices may be driven with analog
or digital driving signals. In the analogy approach, bright-
ness of a pixel is controlled with analog signals such as
voltage or current levels of the driving signal, whereas in the
digital approach, brightness of a pixel is controlled with
pulse width of the driving signal. The digital approach has
been gaining popularity over the analogy approach as it can
use digital video signals directly for pixel driving therefore
requires relatively simple driver circuits and has less power
consumption. It has also better luminance uniformity
because the display quality is less sensitive to variances in
current-voltage characteristics of the transistors in pixel
driver circuits.

In the digital modulation approach, image frame for each
pixel is divided into a number of sub-frames each corre-
sponds to a bit in the digital image data to be displayed. The
subframes may have different durations which are weighted
according to positions of bits to be represented respectively
and under a rule that the more significant bit the subframe
represents the longer the subframe duration is.

For each sub-frame, each row of pixels is scanned for a
scan time. Pixels of the scanned row are then controlled to
emit at a fixed luminance (turned ON) or zero luminance
(turned OFF) to represent a logical value of “1” or “0”
respectively and hold the state over the subframe duration.
As such, a gray level scale of 2° levels can be achieved by
means of aggregation of a hold time over which the pixel is
turned ON within each frame.

Conventionally, the scan lines are scanned sequentially in
each subframes and the sub-frames are arranged sequentially
in an ascending/descending order and repeated cyclically.
However, in order to accomplish high display resolution or
dynamic range, the scanning speed may not high enough
such that the scanning cannot be completed before start of
next frame. If the scan time of the present frame is longer
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2

than the period of a last subframe and overruns into the first
subframe of the next frame, there are two scan lines in
operation concurrently over the first subframe of the next
frame.

Under a limited display capability, good balance between
color depth and frame rate is required to achieve optimal
display quality. For example, for a display device with a
standard configuration of color depth of 24 bits at 60 Hz
frame rate which is adequate for most general applications,
it may be better to display fast moving objects at higher
frame rates (e.g., 120 Hz) to avoid motion blur but a lower
color depth (e.g., 12-bit) will be resulted. The reduction of
color depth may cause inaccurate color presentation such as
color banding in images. For example, when an image
originally displayed at color depth of 8 bits per component
as shown in FIG. 1A is displayed at color depth of 3 bits per
component as shown in FIG. 1B, observable color banding
is caused in some areas. Therefore, it is desirable to enable
a display device to support frame rates higher than its
standard configuration without observable color depth deg-
radation.

SUMMARY OF THE INVENTION

According to one aspect of the present invention, a
dithering and directional modulation-based frame rate con-
version apparatus is provided. The apparatus comprises: a
directional delta modulation generator configured to receive
a plurality of input color data representing a plurality of
input color components of an input pixel color and generate
a plurality of modulated data for the plurality of input color
data respectively; and a plurality of dithering modules
configured to perform K-bit dithering conversion on the
plurality of input color data respectively to generate a
plurality of output color data for representing a plurality of
output color components of an output pixel color with a
color depth of K bits per component, where K is an integer
equal to or great than 1. Each of the dithering modules
comprising: a residue line buffer configured to track a
residual error in dithering conversion to generate a respec-
tive residual data; an adapter configured to receive a respec-
tive input color data, a respective modulated data from the
directional delta modulation generator and the respective
residual data, and adapt the respective input color data to
generate a respective adapted color data by adding the
respective input color data with the respective modulated
data and the respective residual data; and a dithering engine
configured to receive the respective adapted color data and
compare the respective adapted color data against a (25-1)
number of dithering threshold values to generate a respec-
tive output color data with 2% possible color levels.

According to another aspect of the present invention, a
motion content based dynamic frame rate conversion
method for detecting motion content in a video to be
displayed by a display device is provided. The method
comprises: detecting, by a dynamic motion detection appa-
ratus, motion content of the video and generating, by the
dynamic motion detection apparatus, a motion detection
result; receiving, by a frame rate controller, the motion
detection result; and generating, by the frame rate controller,
a control signal for controlling a display color depth based
on the motion detection result. The video is displayed with
a lower color depth at a higher frame rate than a standard
configuration of the display device if the motion detection
result indicates that the video contains appreciable amount
of motion content; and the video is displayed with a higher
color depth at a lower frame rate than the standard configu-
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ration of the display device if the motion detection result
indicates that the video is relatively static.

By applying directional modulation before performing
K-bit dithering conversion on input color data to generate
output color data with a color depth of K bits per component,
the display device can support frame rates higher than its
standard configuration without observable color depth deg-
radation. As shown in FIG. 1C, by implementing frame rate
conversion provided by the present invention to reduce color
depth of an image from 8 bits per component to 3 bits per
component, the color banding due to the color depth reduc-
tion can be smoothened significantly. Moreover, by facili-
tating the display device to dynamically convert its display
output formats according to motion content of the video, the
display quality can be further optimized.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention are described in more
details hereinafter with reference to the drawings, in which:

FIG. 1A shows an image originally displayed at color
depth of 8 bits per component; FIG. 1B shows a color-
reduced image at color depth of 3 bits per component; and
FIG. 1C shows the color-reduced image (at color depth of 3
bits per component) improved with the driving method
provided by the present invention.

FIG. 2 shows a simplified system block diagram of a
frame rate-convertible active matrix display device accord-
ing to one embodiment of the present invention;

FIG. 3 depicts a block diagram of a dithering and direc-
tional modulation-based frame rate conversion apparatus
according to one embodiment of the present invention;

FIG. 4A shows how an input color with a color depth of
8 bits per component is converted an output color with a
color depth of 1 bit per component; and FIG. 4B shows how
an input color with a color depth of 8 bits per component is
converted an output color with a color depth of 3 bits per
component;

FIGS. 5A-5C depicts how the color space is divided based
on different color depths;

FIGS. 6 A-6G illustrate some exemplary delta modulation
directions determined by setting the modulation threshold
value as a half of the maximum component value of a pixel
color;

FIGS. 7A-7C illustrate how the modulation is applied and
how the color level is determined for a color data of the pixel
within a modulation cycle;

FIGS. 8A-8D shows how input image sources with dif-
ferent display formats are converted to output image sources
with mixes of different display formats;

FIG. 9 shows a simplified block diagram of a dynamic
motion detection apparatus according to one embodiment of
the present invention;

FIG. 10 illustrates how an exemplary video clip is divided
into different video segments for dynamic motion detection;
and

FIGS. 11A-11C illustrate how different display output
formats are determined based on motion detection results for
different video segments in the exemplary video clip.

DETAILED DESCRIPTION OF THE
INVENTION

In the following description, methods for driving an
active matrix display for frame-rate conversion and the
display device for implementing the same are set forth as
preferred examples. It will be apparent to those skilled in the
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art that modifications, including additions and/or substitu-
tions may be made without departing from the scope and
spirit of the invention. Specific details may be omitted so as
not to obscure the invention; however, the disclosure is
written to enable one skilled in the art to practice the
teachings herein without undue experimentation.

FIG. 2 shows a simplified system block diagram of a
frame rate-convertible active matrix display device 1
according to one embodiment of the present invention.
Referring to FIG. 2, the display device 1 may include a host
processor 11; a timing controller 12 connected to the host
processor 11; a gate driver 13 connected between the timing
controller 12 and an active matrix display panel (not shown);
a source driver 14 connected between the timing controller
12 and the active matrix display panel. The host processor 11
may be configured to generate a plurality of input color data
(R_In/G_In/B_In) for representing RGB color components
of input color data and a synchronization signal (V_Sync).
The timing controller 12 may be configured to receive the
plurality of input color data and synchronization data and
generate a plurality of output color data (R_Out/G_Out/
B_Out) to the source driver 14 and a plurality of row
selection signals (V row) to the gate driver 13.

The timing controller 12 may comprise a dynamic motion
detection apparatus 121 configured to detect motion content
of a video and generate a motion detection signal (V_MD);
a frame rate controller 122 configured to receive the motion
detection result and the input color data, and generate a
control signal (V_Citrl) for controlling a display color depth,
a dithering and directional modulation-based frame rate
conversion apparatus 123 configured to receive the control
signal and convert the input color data to the output color
data based on directional modulation and dithering such that
the video can be displayed without observable color depth
degradation even if the display frame rate is higher than the
standard configuration of the display device. The timing
controller 12 may further comprise a frame buffer 124
connected to the frame rate controller 122 and configured to
store color data.

In particular, if the motion detection result for the video
indicating that the video contains appreciable amount of
motion content, the display device will display the video
with a lower color depth (e.g., 4 bits per color components)
at a higher frame rate (e.g. 120 Hz) than a standard con-
figuration of the display device. If the motion detection
result indicating that is the video is relatively static, the
display device will display the video with a higher color
depth (e.g., 8 bits per color component) at a lower frame rate
(e.g. 60 Hz) than the standard configuration of the display
device.

FIG. 3 depicts a block diagram of a dithering and direc-
tional modulation-based frame rate conversion apparatus
123 according to one embodiment of the present invention.
Referring to FIG. 3, the dithering and directional modula-
tion-based frame-rate conversion apparatus 123 may com-
prise a directional delta modulation generator 310 and a
plurality of dithering modules 320.

The directional delta modulation generator 310 may be
configured to receive a plurality of input color data (R_In,
G_In and B_In) representing RGB color components of an
input pixel color, a plurality of synchronization signals
(V_Sync) and a control signal (V_Ctrl); and generate a
plurality of modulated data (R_Mod, G_Mod and B_Mod)
for the plurality of input color data respectively.

Each dithering module 320 may comprise a respective
residue line buffer 322 configured to track a residual error in
dithering conversion and generate a respective residual data
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(R_Res/G_Res/B_Res); and a respective adapter (or adder)
321 configured to receive a respective input color data
(R_In/G_In/B_In), a respective modulated data (R_Mod/
G_Mod/B_Mod) from the directional delta modulation gen-
erator 310, and a respective residual data (R_Res/G_Res/
B_Res) from a respective residue line buffer 322 to adapt the
respective input color data to generate a respective adapted
color data (R_AD/G_AD/B_AD) by adding the respective
input color data with the respective modulated data and the
respective residual data.

Each dithering module 320 may further comprise a dith-
ering engine 323 configured to receive a respective adapted
color data (R_AD/G_AD/B_AD) from a respective adapter
and generate a respective output color data (R_Out/G_Out/
B_Out).

Depending on the frame-rate conversion target, each
dithering engine 323 may be configured to perform K-bit
dithering to convert the respective adapted color data to an
output color data for representing a color depth of K bits per
component, where K is an integer equal to or great than 1
which may be selected by the control signal (V_ctrl) from
the frame rate controller 122. In particular, the respective
adapted color data is compared against (25-1) dithering
threshold values to generate a respective output color data
with 2% possible output color levels.

As shown in FIG. 4A, for converting an adapted color
data (Data_AD) adapted from an input color data (Data_in)
with a color depth of 8 bits per component to an output color
data (Data_Out) with a color depth of 1 bit per component,
the dithering engine 323 may be configured to perform 1-bit
dithering to output two possible output color levels, L, and
L,, which may be set to have color values of 0 and 255,
respectively. The adapted color data, which may have 256
possible color levels (0, 1, . . . to 255) is compared against
one dithering threshold value (e.g., 128) to determine an
output color level for the output color data. For example,
when the adapted color data has a value of 87, which is
smaller than the dithering threshold value 128, the dithering
engine 323 outputs L (i.e., color value of ““0”) for the output
color data, and stores a residual data (Data_Res) equal to
87-0=87 into the residue line buffer 322 which will be used
for dithering the input color of neighboring pixels.

As shown in FIG. 4B, for converting an adapted color data
(Data_AD) adapted from an input color data (Data_in) with
a color depth of 8 bits per component to an output color data
(Data_Out) with a color depth of 3 bits per component, the
dithering engine 323 may be configured to perform 3-bit
dithering to output eight possible output color levels, L,
through [, which may be set to have color values of 0, 36,
73, ...255, respectively. The adapted color data, which may
have 256 possible color levels (0, 1, . . . to 255) is compared
against seven dithering threshold values (e.g., 18,
55,91, ..., 236) to determine an output color level for the
output color data. For example, when the adapted color data
has a value of 173, which is in the range between 164~199,
the dithering engine 323 outputs L5 (i.e., color value of
“182”) for the output color data, and stores a residual data
(Data_Res) equal to 173-182=-9 into the residue line buffer
322 which will be used for dithering the input color of
neighboring pixels.

A color space cube for representing the pixel color may be
divided into a number of sub-color space cubes depending
on the color depth to be displayed. For instance, in a RGB
color space, with a color depth of K bits per component in
each RGB direction, a color space cube may be divided into
an 8% number of sub-color space cubes and there are K
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number of quantized color levels in each RGB direction.
Accordingly, each sub-color space cube corresponds to a set
of RGB color levels.

FIGS. 5A-5C depicts how the color space is divided based
on different color depths. Referring to FIG. 5A, for a color
depth of 1 bit per component, the color space cube is divided
into 8 sub-color space cubes and there are two color levels
(L, and L)) for representing the pixel color in each of the
RGB components. Referring to FIG. 5B, for a color depth of
2 bits per component, the color space cube is divided into 64
sub-color space cubes and there are four color levels (L,
through L) for representing the pixel color in each of the
RGB components. Referring to FIG. 5C, for a color depth of
3 bits per component, the color space cube is divided into
512 sub-color space cubes and there are eight color levels
(L, through L.) for representing the pixel color in each of the
RGB components. It can be seen that the small number of
bits the color depth to be displayed, the smaller number of
color levels available for representing the pixel color in each
of the RGB components and the more resolution errors will
be lost due to high quantization errors.

The directional delta modulation generator 310 may be
further configured to determine a modulation direction by
comparing each of the color components of the pixel color
against a modulation threshold value and obtaining a flag
value of modulation for each of the color components. For
instance, if a color component of the pixel has a value equal
to or greater than the modulation threshold value, the flag
value of modulation for the color component is set as “1”,
otherwise, the flag value of modulation for the color com-
ponent is set as “0”.

Accordingly, the flag values of modulation for each of the
color components may be used to construct a modulation
direction unit vector U,,, (X,,, Vs Z»,) in the RGB color space
to represent the modulation direction, where x,,, y,,,, and z,,
are RGB components of the unit vector respectively. Each of
the RGB components x,,, y,,, and z,, of the modulation
direction unit vector U,, may have a binary value (“1” or
“0”) determined by comparing RGB component values of
the pixel color against with the modulation threshold value
respectively. For instance, if the R component value of the
pixel color is equal to or greater than the modulation
threshold value, x,,, is set to “1”, otherwise x,, is set to be “0”.
In other words, whether delta modulation is applied in a
color component (direction) in the color space depends on
whether the component value of the pixel color in that color
component (direction) is equal to or greater than the modu-
lation threshold value.

FIGS. 6 A-6G illustrate some exemplary delta modulation
directions determined by setting the modulation threshold
value as a half of the maximum component value of RGB
components within a pixel, M.

Referring to FIG. 6A, when all of R, G, and B component
values of the pixel are equal to or greater than M/2, the RGB
components X,,, ¥,,, and z,, of the modulation direction unit
vector U, are all equal to “1”. Therefore, delta modulation
direction is in the white (AW) direction.

Referring to FIG. 6B, when the R component value of the
pixel is equal to or greater than M/2 and both of the G and
B component values of the pixel are smaller than M/2, the
RGB components x,,,, y,,,, and z,,, of the modulation direction
unit vector U, are equal to “17, “0”, and “0”, respectively.
Therefore, delta modulation direction is in the red (AR)
direction.

Referring to FIG. 6C, when the G component value of the
pixel is equal to or greater than M/2 and both of the R and
B component values of the pixel are smaller than M/2, the
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RGB components x,,,, y,,,, and z,,, of the modulation direction
unit vector U,, are equal to “0”, “1”, and “0”, respectively.
Therefore, delta modulation direction is in the green (AG)
direction.

Referring to FIG. 6D, when the B component value of the
pixel is equal to or greater than M/2 and both of the R and
G component values of the pixel are smaller than M/2, the
RGB components x,,,, y,,,, and z,,, of the modulation direction
unit vector U, are equal to “0”, “0”, and “1”, respectively.
Therefore, delta modulation direction is in the blue (AB)
direction.

Referring to FIG. 6E, when both of the R and G compo-
nent values are greater than or equal to M/2 and the B
component value is smaller than M/2, the RGB components
X, Yo and z,,, of the modulation direction unit vector U, are
equal to “17, “1”, and “0”, respectively. Therefore, delta
modulation direction is in the yellow (AY) direction.

Referring to FIG. 6F, when both of the G and B compo-
nent values are greater than or equal to M/2 and the R
component value is smaller than M/2, the RGB components
X, Y and z,, of the modulation direction unit vector U,, are
equal to “0”, “1”, and “1”, respectively. Therefore, delta
modulation direction is in the cyan (AC) direction.

Referring to FIG. 6G, when both of the B and R compo-
nent values are greater than or equal to M/2 and the G
component value is smaller than M/2, the RGB components
X, ¥e and z,,, of the modulation direction unit vector Un are
equal to “17, “0”, and “1”, respectively. Therefore, delta
modulation direction is in the magenta (AM) direction.

The directional delta modulation generator 310 may be
further configured to apply a delta modulation based on the
determined flag value to each of the color components of the
pixel to obtain a modulated data for the color component.

The delta modulation may be performed across a
sequence of image frames over a modulation cycle using a
sequence of N delta modulation values to obtain N modu-
lated data for each of the color components. Within the
modulation cycle, an i”* modulated data for the color com-
ponent obtained in the i frame may be given by:

X=X +d, fori=12, ..., N,

where X, , is the i”” modulated data obtained in the i**
frame, X, is the original value of the input color data in the
i’ frame, d, is the delta modulation value used in the i**
frame which may have a positive or negative value, and N
is the total number of frames within a modulation cycle.

Preferably, the sequence of N delta modulation values d;
may be selected to have a sum equal to zero, that is,
¥,_,d;=0, in order to apply the delta modulation across the
frames in a balanced manner.

Within the modulation cycle, the dithering engine 323
may be further configured to determine a N number of color
levels for the color component of the pixel based on the N
modulated data obtained across the N number of frames
respectively.

The i* color level for the color component based on the
modulated data X,,, obtained in the i”* frame may be deter-
mined with an algorithm given by:

Lg+Lg_
Ly, if X < == 2’”
Lp+ Ly Ly +1L,
Ci= Lk,if$<Xmi<%,
L +L
Liy, if Xmi>M
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where C; is the i color level obtained in the i”* image
frame, L, is the k™ color levels defined in the color space
with the color depth of K bits per component to be displayed.

The dithering engine 323 may be further configured to
average the N color levels for the color components of the
pixel determined across the sequence of frames over the
modulation cycle to obtain an average display color value
C,,.. which is given by:

avg?

Cang = %Zlil G

and set the average display color value as the output color
level.

FIGS. 7A-7C illustrate how the modulation is applied and
how the color level is determined for a color component of
the pixel within a modulation cycle of 6 frames (F, to F¢) in
three different cases. For simplicity, the three-dimensional
(3D) sub-color space cubes are reduced to two-dimensional
(2D) sub-color space squares arranged in the direction of the
color component such that each sub-color space square
corresponds to a corresponding color level in that direction.
Moreover, only three sub-color space squares, namely L,_,,
L, and L,,,, are shown for each frame as the modulation
will cause the color component of the pixel to transit
between adjacent color levels only and it is assumed that the
color component of the pixel has a value X, between

Ly + Ly Ly + Ly
and s
2 2

which is represented as a dot within the sub-color space
squares corresponding to L,. By way of example, the delta
modulation values (di) used in the modulation cycle are set
as: d,=0, d,=—9, d;=9, d,=0, ds=—26, and dc=20, where 0 is
a predefined delta value.

Referring to FIG. 7A. In this case, the color component of
the pixel has a value greater than

Ly +1L;
2

and less than L,. That is,

Lp+ Ly
$<XO<L;(.

The color levels of the pixel color component in the 6 frames
are determined as: C,=L,, C,=L,_,, C3=L,,C,=L,, Cs=L,_,.
and C4=L,. The average display color value C,,, is equal to
(2 L,_,+4L,)/6, which is a color level between L,_, and L,.

Referring to FIG. 7B. In this case, the color component of
the pixel has a value equal to L,. That is, X,=L,. The color
levels of the pixel color component in the 6 frames are
determined as: C,=L,, C,=L,, C;=L,, C,=L,, Cs=L,_,, and
Ce=Ly,,. As a result, the averaged color level C,, is equal
to (L,_;+4L,+L,.,)/6, which is a color level equal to L,.

Referring to FIG. 7C. In this case, the color component of
the pixel has a value greater than L, and less than

Lin + Ly
—
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That is,

Ly +L
Lk<XO<M.

The color levels of the pixel color component in the 6 frames
are determined as: C,=L,, C,=L,, C4=L,,,, C,=L,, Cs=L,,
and Cg=L,,,. As a result, the average display color value
C,.. 1s equal to (4L,+2L,,,)/6, which is a color level value
between L, and L, ;.

It can be observed from FIGS. 7A-7C that if the dithering
is performed without applying the modulation, the color
level of the color component of the pixel will be determined
as L, for each of the frames. By applying the modulation, the
color component of the pixel for the case in FIG. 7A, which
has a value greater than

L+ L
2

and less than L, has an average display color value between
L,_, and L, over the modulation cycle; the color component
of the pixel for the case in FIG. 7B, which has a value equal
to L, has an average display color value equal to L, over the
modulation cycle; and the color component of the pixel for
the case in FIG. 7C, which has a value greater than L, and
less than

Ly + Ly
—

has an average display color value between L, and L, , over
the modulation cycle. In other words, the display image is
smoothened by applying the directional modulation there-
fore the observable degradation of color depth due to frame
rate conversion can be eliminated.

In some embodiments, with the dithering and directional
modulation-based frame rate conversion apparatus, an input
image source having 60 Hz frame rate at color depth of 8 bits
per component may be converted to an output image source
with color depth of 2 bits per component displayed at 240 Hz
frame rate, color depth of 3 bits per component displayed at
180 Hz frame rate or color depth of 4 bits per component
displayed at 120 Hz frame rate.

The dithering and directional modulation-based frame
rate conversion apparatus can be configured to support
conversion of image sources (say, from a computer graphic
card) having various frame rates. For example, an input
image source having 60 Hz frame rate at color depth of 8 bits
per component may be converted to an output image source
with color depth of 2 bits per component displayed at 240 Hz
frame rate, color depth of 3 bits per component displayed at
180 Hz frame rate or color depth of 4 bits per component
displayed at 120 Hz frame rate.

In some embodiments, the output image source may have
a mix of different display formats of frame rates including
but not limited to, 240 Hz, 200 Hz, 180 Hz, 150 Hz, 120 Hz,
100 Hz, 80 Hz and 60 Hz. FIGS. 8A-8D shows how different
input image sources are converted to different output image
sources having mixes of different display formats.

Referring to FIG. 8A. An input image source having 200
Hz frame rate at color depth of 8 bits per component may be
converted to an output image source having a mix of color
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depth of 3 bits per component at 180 Hz frame rate and color
depth of 2 bits per component at 240 Hz frame rate.

Referring to FIG. 8B. An input image source having 150
Hz frame rate at color depth of 8 bits per component may be
converted to an output image source having a mix of color
depth of 4 bits per component at 120 Hz frame rate and color
depth of 3 bits per component at 180 Hz frame rate.

Referring to FIG. 8C. An input image source having 100
Hz frame rate at color depth of 8 bits per component may be
converted to an output image source having a mix of color
depth of 4 bits per component at 120 Hz frame rate and color
depth of 8 bits per component at 60 Hz frame rate.

Referring to FIG. 8D. An input image source having 80
Hz frame rate at color depth of 8 bits per component may be
converted to an output image source having a mix of color
depth of 4 bits per component at 120 Hz frame rate and color
depth of 8 bits per component at 60 Hz frame rate.

FIG. 9 shows a simplified block diagram of the dynamic
motion detecting apparatus 121 used in a display device
according to one embodiment of the present invention.
Referring to FIG. 9. The process of dynamic motion detec-
tion may include: a) partitioning, by a brightness accumu-
lator 910, a display screen of the display device into a
plurality of regions; b) calculating, by the brightness accu-
mulator 910, a plurality of regional brightness values for a
first frame; c) storing, by a storage unit 920, the regional
brightness values of the first frame into a first brightness data
array A1l; d) calculating, by the brightness accumulator 910,
a plurality of regional brightness values for a second frame
which is AF frames after the first frame, where AF is an
integer greater than 1 and preferably equal to 15; e) storing,
by the storage unit 920, the regional brightness values of the
second frame into a second brightness data array A2; f)
comparing, by a brightness change detector 930, the first and
second brightness data arrays A1, A2 to obtain an array of
brightness differences; g) detecting, by the brightness
change detector 930, change of brightness for each region of
the display screen by comparing each element of the array
of brightness differences with one or more voting threshold
values; h) generating, by the brightness change detector 930,
a vote based on a comparison result for each element of the
array of brightness differences.

In some embodiments, the vote may have a first voting
value for the element if the comparison result is that the
element is equal to or lower than the first voting threshold
value; a second voting value which is higher than the first
voting value for the element if the comparison result is that
the element is higher than the first voting threshold value and
lower than the second voting threshold value; or a third
voting value which is higher than the second voting value for
the element if the comparison result is that the element is
equal to or higher than the second voting threshold value.

The process of dynamic motion detection may further
include: i) calculating, by a majority vote logic unit 940, a
sum of the votes generated for all elements of the array of
brightness differences; j) determining, by the majority vote
logic unit 940, the motion detection result by comparing the
calculated sum of the votes with one or more motion
detection threshold values; and k) generating, by the major-
ity vote logic unit 940, a motion detection signal (V_MD) to
the frame rate controller 122 based on the motion detection
result.

In some embodiments, if the calculated sum is equal to or
higher than a motion detection threshold value, the motion
detection result may be determined as that the video includes
appreciable amount of motion contents. Based on the deter-
mined motion detection result, the frame rate controller 122
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may determine to display the video with a lower color depth
at a higher frame rate than the standard configuration of the
display device (e.g., with a color depth of 4 bits per color
components and at a frame rate of 120 Hz). If the calculated
sum is smaller than the motion detection threshold value, the
motion detection result may be determined as that the video
is relatively static. Based on the determined motion detec-
tion result, the frame rate controller 122 may determine to
display the video with a higher color depth at a lower frame
rate than the standard configuration of the display device
(e.g., with a color depth of 8 bits per color components and
at a frame rate of 60 Hz).

A new round of dynamic motion detection may be per-
formed by: taking a previous second frame in a previous
round of motion detection as a new first frame for the new
round of motion detection; calculating brightness values of
a new second frame which is A F frames after the new first
frame; overwriting the brightness data array which has
stored brightness values of a previous first frame in the
previous round of motion detection with the calculated
brightness values for the new second frame; and repeating
the above steps 1) to k). As there is no need to calculate the
brightness values for the new first frame, the computation
time for new round of motion detection can be greatly
reduced.

FIG. 10 illustrates how an exemplary video clip (display-
ing “a man jumping from left to right”) is divided into
different video segments for performing motion detections.
FIGS. 11A-11C illustrate how different display output for-
mats are determined based on motion detection for different
video segments in the exemplary video clip.

Referring to FIG. 10, a display screen for displaying the
exemplary video clip is partitioned into 14x8=112 regions.
The exemplary video clip has an original frame rate of 120
Hz and a color depth of 8 bits per color component. The
exemplary video clip is divided into three video segments
V81, VS2 and VS3 for motion detection. In each video
segment, the second frame is 15 frames after the first frame.

Referring to FIG. 11A, the first frame and second frame
for the video segment VS1 are denoted as F, and F,,
respectively. The brightness values of the 112 partitioned
regions for frame F, are calculated and stored into a first
14x8 brightness data array Al. The brightness values of the
112 partitioned regions for frame F, ¢ are calculated and then
stored in to a second 14x8 brightness data array A2. The first
and second brightness data arrays Al, A2 are compared to
obtain an 14x8 array of brightness differences, each corre-
sponds to a partitioned region. For each region, a vote is
generated to have: a first voting value “0” if the correspond-
ing brightness difference is equal to or lower than a first
voting threshold value, 5% for example, a second voting
value “1” if the corresponding brightness difference is
higher than the first voting threshold value 5% and lower
than a second voting threshold value, 20% for example, or
a third voting value “2” if the corresponding brightness
difference is equal to or higher than the second voting
threshold value 20%. Based on a sum calculated for all of the
generated votes, a first motion detection result is determined,
and a motion detection signal is generated and transmitted to
the frame rate controller 1122. For example, if the calculated
sum is smaller than a motion detection threshold value
“100”, based on the first motion detection result, the frame
rate controller 122 may determine a display output format
with a color depth of 8 bits per color component at a frame
rate of 60 Hz.

Referring to FIG. 11B, the second frame for the previous
video segment VS1 is taken as the first frame for the video
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segment VS2, therefore the first frame and second frame for
the video segment VS2 are denoted as F, ; and F5; (which is
15 frames after F ), respectively. While keeping the bright-
ness values of the 112 partitioned regions for frame F, ¢ in
the second 14x8 brightness data array A2, the brightness
values of the 112 partitioned regions for frame F;, are
calculated and then stored in to the first 14x8 brightness data
array Al. Then, the first and second brightness data arrays
Al, A2 are compared to obtain an 14x8 array of brightness
differences, each corresponds to a partitioned region. For
each region, a vote is generated to have: a first voting value
“0” if the corresponding brightness difference is equal to or
lower than the first voting threshold value 5%, a second
voting value “1” if the corresponding brightness difference
is higher than the first voting threshold value 5% and lower
than the second voting threshold value 20%, or a third voting
value “2” if the corresponding brightness difference is equal
to or higher than the second voting threshold value 20%.
Based on a sum calculated for all of the generated votes, a
second motion detection result is determined, and a motion
detection signal is generated and transmitted to the frame
rate controller 122. For example, if the calculated sum is
equal to or greater than a motion detection threshold value
“100”, based on the second motion detection result the frame
rate controller may determine a display output format with
a color depth of 4 bits per color component at a frame rate
of 120 Hz.

Referring to FIG. 11C, the second frame for the previous
video segment VS2 is taken as the first frame for the video
segment VS3, therefore the first frame and second frame for
the video segment VS3 are denoted as F5, and F 4 (which is
15 frames after F5)), respectively. While keeping the bright-
ness values of the 112 partitioned regions for frame F;, in
the first 14x8 brightness data array Al, the brightness values
of the 112 partitioned regions for frame F, are calculated
and then stored in to the second 14x8 brightness data array
A2. The first and second brightness data arrays Al, A2 are
then compared to obtain an 14x8 array of brightness differ-
ences, each corresponds to a partitioned region. For each
region, a vote is generated to have: a first voting value “0”
if the corresponding brightness difference is equal to or
lower than the first voting threshold value 5%, a second
voting value “1” if the corresponding brightness difference
is higher than the first voting threshold value 5% and lower
than the second voting threshold value 20%, or a third voting
value “2” if the corresponding brightness difference is equal
to or higher than the second voting threshold value 20%.
Based on a sum calculated for all of the generated votes, a
third motion detection result is determined, and a motion
detection signal is generated and transmitted to the frame
rate controller 122. For example, if the calculated sum is
equal to or greater than a motion detection threshold value
“100”, based on the third motion detection result, the frame
rate controller 122 may determine a display output format a
color depth of 4 bits per color components at a frame rate of
120 Hz.

The embodiments disclosed herein may be implemented
using general purpose or specialized computing devices,
computer processors, or electronic circuitries including but
not limited to digital signal processors (DSP), application
specific integrated circuits (ASIC), field programmable gate
arrays (FPGA), and other programmable logic devices con-
figured or programmed according to the teachings of the
present disclosure. Computer instructions or software codes
running in the general purpose or specialized computing
devices, computer processors, or programmable logic
devices can readily be prepared by practitioners skilled in
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the software or electronic art based on the teachings of the
present disclosure. In some embodiments, the present inven-
tion includes computer storage media having computer
instructions or software codes stored therein which can be
used to program computers or microprocessors to perform
any of the processes of the present invention. The storage
media can include, but are not limited to ROMs, RAMs,
flash memory devices, or any type of media or devices
suitable for storing instructions, codes, and/or data.

The embodiments were chosen and described in order to
best explain the principles of the invention and its working
principle and practical application, thereby enabling others
skilled in the art to understand the invention for various
embodiments and with various modifications that are suited
to the particular use contemplated. It is not intended to be
exhaustive or to limit the invention to the precise forms
disclosed. Many modifications and variations will be appar-
ent to the practitioner skilled in the art.

The invention claimed is:

1. A motion content based dynamic frame rate conversion
method for displaying a video by a display device, com-
prising:

detecting, by a dynamic motion detection apparatus,

motion content of the video and generating, by the
dynamic motion detection apparatus, a motion detec-
tion result;

receiving, by a frame rate controller, the motion detection

result; and

generating, by the frame rate controller, a control signal

for controlling a display color depth based on the
motion detection result;
wherein:
the video is displayed with a lower color depth at a higher
frame rate than a standard configuration of the display
device if the motion detection result indicates that the
video contains appreciable amount of motion content;

the video is displayed with a higher color depth at a lower
frame rate than the standard configuration of the dis-
play device if the motion detection result indicates that
the video is relatively static;

the detection of motion content of the video comprises:

storing, by a storage unit, the regional brightness values
of'the first frame into a first brightness data array and
the regional brightness values of the second frame
into a second brightness data array;

comparing, by a brightness change detector, the first
and second brightness data arrays to obtain an array
of brightness differences;

detecting, by the brightness change detector, change of
brightness for each region of the display screen by
comparing each element of the array of brightness
differences with one or more voting threshold values;
and

generating, by the brightness change detector, a vote
based on a comparison result for each element of the
array of brightness differences
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calculating, by a majority vote logic unit, a sum of the
votes generated for all elements of the array of
brightness differences;

determining, by the majority vote logic unit, the motion
detection result by comparing the calculated sum of
the votes with one or more motion detection thresh-
old values; and

generating, by the majority vote logic unit, a motion
detection signal to the frame rate controller.

2. The motion content based frame rate conversion
method according to claim 1, the detection of motion content
of the video further comprises:

partitioning, by a brightness accumulator, a display screen
of the display device into a plurality of regions; and

calculating, by the brightness accumulator, a plurality of
regional brightness values for a first frame and a
plurality of regional brightness values for a second
frame which is A F number of frames after the first
frame.

3. A dynamic motion detection apparatus for detecting

motion content in a video, comprising:
a brightness accumulator configured to:
partition a display screen of the display device into a
plurality of regions; and

calculate a plurality of regional brightness values for a
first frame and a plurality of regional brightness
values for a second frame which is AF number of
frames after the first frame;
a storage unit configured to store the regional brightness
values of the first frame into a first brightness data array
and the regional brightness values of the second frame
into a second brightness data array;
a brightness change detector configured to:
compare the first and second brightness data arrays to
obtain an array of brightness differences;

detect change of brightness for each region of the
display screen by comparing each element of the
array of brightness differences with one or more
voting threshold values; and

generate a vote based on a comparison result for each
element of the array of brightness differences

a majority vote logic unit configured to calculate a sum of
the votes generated for all elements of the array of
brightness differences;

determine the motion detection result by comparing the
calculated sum of the votes with one or more motion
detection threshold values; and

generate a motion detection signal based on the motion
detection result.

4. A frame rate convertible active matrix display device

comprising the dynamic motion detection apparatus accord-
ing to claim 3.



